plasticity in retinal circuits of young adult mice with rod degeneration, and how the synaptic 94 structures and circuits that receive rod input respond to rod rescue. 95 We genetically engineered a mouse line in which rod function can be uniformly rescued 96 via tamoxifen-induced cre-mediated recombination. The line was generated to lack expression 97 of the cyclic nucleotide gated (CNG) channel beta-1 subunit (CNGB1) due to an insertion of a 98 neomycin cassette at the endogenous gene to disrupt expression (Wang and Chen, 2014 ; 99 Wang et al., 2017a ). This mouse model recapitulates the effects of mutations in human CNGB1 100 and CNGA1 genes that cause autosomal recessive retinitis pigmentosa (Biel and Michalakis, 101 2007) . Without the CNGB1 subunit, the CNG channels in rod outer segments fail to form 102 normally functioning channels, which leads to a slow form of rod death that occurs over 4-6 103 months (Zhang et al., 2009; Wang et al., 2017a) , or longer (Hüttl et al., 2005) . Importantly, the 104 neomycin cassette is flanked by loxP sites, which allows for cre-mediated excision and the 105 expression of CNGB1 from the endogenous locus. Thus, this mouse line provides an 106 opportunity to introduce precisely a 'cure' for the underlying genetic defect at different time 107 points during degeneration. 108 We use this novel mouse line to determine the extent to which activating rod input in the 109 degenerating retina allows recovery of the structure and function of well-defined rod-driven 110 retinal circuits in young adult mice. The lack of CNG channels caused stereotypic degenerative 111 changes in the retina that included rhodopsin mislocalization, activation of Müller glia, and a 112 reduction of pre-and post-synaptic proteins between rods and rod bipolar cells by as early as 4 113 weeks of age. Signal transmission from rods to rod bipolar cells was abrogated and sensitivity of 114 retinal ganglion cells (RGCs) was reduced ~100-fold. Tamoxifen-induced restoration of CNG 115 channel expression initiated at 4 weeks of age led to an expected recovery of rod photoreceptor 116 function. Importantly, we show that initiation of rod input in the deafferented adult retina also 117 induced a high degree of structural plasticity between rods and their primary postsynaptic were given a dose of 3 mg/25 g body weight by oral gavage for 4 or 7 consecutive days. In 136 control experiments shown in Fig. 1 , some cre-negative mice did not receive tamoxifen. For all 137 other experiments, cre-negative littermate mice were also treated with tamoxifen to control for 138 the possible effect of tamoxifen on photoreceptor cell survival (Wang et al., 2017b Cytosignal), rabbit anti-ROS-GC1 polyclonal antibody (sc50512, Santa Cruz), mouse Anti-Gtα 180 antibody (371740, EMD4Biosciences), rabbit polyclonal anti-GCAP1 and GCAP2 antibodies 181 channel expression led to a progressive thinning of the outer nuclear layer over the course of 6 259 months ( Fig. 1C) . At two-weeks, the outer nuclear layer (ONL) containing primarily rod 260 photoreceptor cell nuclei reached its maximum thickness. This thickness was reduced by ~20% 261 in 1 MO mice and to ~50% in 2 MO mice. By 6 MO, the ONL was absent. Thus, these mice 262 exhibit slow rod degeneration relative to other commonly used models of rod degenerative 263 diseases, such as rd1 (Farber and Lolley, 1974 ) and rd10 mice (Chang et al., 2007) . We also observed in Cngb1 neo/neo mice that synaptic contacts between rods and rod 270 bipolar cells were structurally abnormal. Immunohistochemistry using a marker for the 271 presynaptic ribbon protein CtBP2 (ribeye) and the post-synaptic glutamate receptor, mGluR6, 272 revealed clear differences between Cngb1 neo/neo and control retinas. In control retinas, these 273 structures were closely apposed, and both were contained within a well-defined outer plexiform 274 layer (Fig. 1H, OPL) . However, in Cngb1 neo/neo retinas these structures were more dispersed, 275 with synaptic ribbons retracted from rod spherules and some were situated deep into the 276 photoreceptor nuclear layer (ONL, Fig. 1I, arrows) . The ultrastructure of rod synapses was 277 further evaluated by transmission electron microscopy (TEM, Fig. 1J and K) . A normal rod 278 spherule (blue) contains a single large mitochondria (yellow) and encompasses a synaptic triad 279 consisting of a single ribbon (red) along with horizontal (orange) and rod bipolar cell (green) 280
processes. The majority of imaged rod spherules from control retinas exhibited this structure. 281
Dyads were also frequently observed when one or another component was out of the plane of 282 the TEM section. Of the 27 fields taken from 4 control C57 retinas, 122 synapses were counted 283 (4.5 synapses per field) wherein 64% were triads and 36% were dyads. However, in 1 MO 284
Cngb1 neo/neo
retinas, the frequency of observing synapses and triadic structures were both 285 reduced (Fig. 1K) Previous work has indicated that lack of CNGB1 expression compromises rod vision 295 (Biel and Michalakis, 2007) . To verify compromised rod function in Cngb1 neo/neo mice, we 296 performed ex vivo whole-retina electroretinograms (ERG) under scotopic conditions. The ERG 297 reflects the averaged activity across all retinal neurons (Granit, 1933) . ERGs from C57 retinas 298 exhibited a well characterized biphasic response (Fig 2A; 
Cngb1
neo/neo littermate mice were divided into two groups. One group was given tamoxifen for 330 four-consecutive days by oral gavage, and the other group did not receive drug treatment. 331
A PCR strategy was designed to detect the extent of neoloxP excision in genomic DNA 332 extracted from isolated retinas: the primer pair (2+3) detects the presence of the neoloxP insert, 333 whereas primer pair (1+3) gives rise to a diagnostic band when the large neoloxP insert is 334 excised (Fig. 3A) . After four-consecutive days of tamoxifen treatment, both sets of primers 335 produced positive bands. This result indicates a mixed population of cells at this stage, some of 336 which have undergone excision while others have not. However, when tamoxifen treatment was 337
given for seven-consecutive days a positive signal was detected only by primers (1+3). This 338 result indicates that following a 7-day tamoxifen treatment, most, if not all cells have undergone 339 neoloxP excision (Fig. 3A, bottom panels) . Thus a 7-day treatment was used for further 340 structural and functional studies. 341
To assess the level of protein expression at 6-or 8-weeks (corresponding to 1 or 3 342 weeks after drug treatment), Western blots were prepared from whole retinal homogenates from 343 both cohorts (Fig. 3B) . Expression of CNGB1 protein was observed only in tamoxifen-treated, 344 cre-positive mice. No expression was observed in cre-positive mice without drug treatment, 345 indicating a lack of basal recombinase activity. We next examined how excision of the neoloxP 346 insert affected the expression of CNGB1 and other major phototransduction proteins. We found 347 that following neoloxP excision, there was a striking increase in CNGB1 expression (Fig. 3C) . 348
There was also an increase in the detected levels of other phototransduction proteins GC1, 349 PDE6A, GNAT1, and GCAP2 (Fig 3C) . To determine if this is due to rod rescue, cre-negative 350 and cre-positive Cngb1 neo/neo littermate mice were administered tamoxifen for 7 consecutive 351 days beginning at 4-weeks, and retinal sections were prepared from 3 MO mice ( Fig. 3D and  352   3E ). The ONL thickness was greater in cre-positive mice when compare to that from the cre-353 negative sibling mice, and the rod outer segment structure was organized and of normal length. 354
Expression of CNGB1 exhibited a long term rescuing effect on rod survival (Fig. 3F and 3G,  355 tamoxifen was administered for 4 consecutive days starting at P28), consistent with a previous 356 report on AAV-mediated Cngb1 gene replacement therapy (Koch et al., 2012) . In sum, these 357 data show that the Cngb1 neo/neo mice allowed us to regulate the expression of CNGB1 from the 358 endogenous locus in a temporally-controlled manner. Further, this excision is nearly complete 359 with a 7-day tamoxifen treatment and that upon expression of CNGB1, the rods exhibit normal 360 morphology and are stably rescued from cell death. 361
We measured the responsiveness of rod photoreceptors following drug treatment in 362 patch-clamp recordings from individual rods in retinal slices. In voltage-clamp (Vm = -40 mV), 363 rods from 1 MO Cngb1 neo/neo mice displayed diminished response amplitudes (~6-fold) and a 364 ~10-fold reduction in light sensitivity (Fig. 4A) , a result consistent with the diminished a-wave in 365 ex vivo ERG recordings (Fig. 2B) . In current-clamp (i = 0), Cngb1 neo/neo rods exhibit a resting 366 membrane potential that was ~10 mV hyperpolarized compared to WT rods (-47 ± 1.3 mV (5) 367 vs. -37 ± 2.3 mV (6), mean ± SEM). These results are consistent with reduced CNG channel 368 expression (see Discussion) and indicate reduced glutamate release in darkness. However, 369 rods from tamoxifen treated Cngb1 neo/neo mice displayed responses with characteristics very 370 similar to C57 mice (Fig. 4B) , consistent with near-normal function and rescue of the 371 photoreceptor layer (Fig. 3) . 372
373

Expression of CNGB1 induces normal synaptic structures between rods and rod bipolar 374
cells. 375
Given that tamoxifen administration in Cngb1 neo/neo mice rescued rods from death (Fig.  376   3E ) and rescued normal rod light responses (Fig. 4) , we next examined the synaptic contacts 377 between rods and rod bipolar cells to determine how rod rescue impacts these structures. 378
Tamoxifen treatment was initiated at 4-weeks for 7 consecutive days, and retinal structure was 379 examined at 3M. Comparisons were made between 1 MO C57 and Cngb1 neo/neo mice and 3 MO 380 tamoxifen-treated mice to examine the effect of rod rescue that was initiated at 1M. Synaptic 381 structures were labeled in retinal flat mounts stained for the presynaptic ribbon synapse protein 382 (CtBP2, blue) and postsynaptic mGluR6 (orange, Fig. 5A, 5D and 5G ). To distinguish between 383 rod and cone synapses, cone pedicles were further labeled with the cone arrestin antibody 384 (ARR3, green). Rod bipolar cell morphology, visualized by PKCa staining, and the mGluR6 385 puncta that decorate their dendritic tips are shown in retinal cross sections (Fig. 5B, 5E and 5H). 386
Control retinas (C57), exhibited a close juxtaposition between the rod's single ribbon and 387 the mGluR6 puncta on the dendritic tips of rod bipolar cells ( Fig. 5A and 5B; Fig. 1G ). However, 388
in Cngb1 neo/neo retinas from 1 MO mice, both the number of synaptic ribbons and mGluR6 389 puncta were reduced (Fig. 5D ). Rod bipolar cell dendrites were also unevenly distributed in 390
Cngb1
neo/neo retinas, and the size of the mGluR6 puncta appeared smaller and less uniform in 391 shape ( Fig. 5E and Fig. 1H ). In contrast, retinas from the tamoxifen-treated, cre-positive 392 littermates exhibited robust staining of synaptic ribbons along with their associated mGluR6 393 puncta (Fig. 5G) . Furthermore, rod bipolar cell dendrites were evenly extended and the 394 mGluR6 puncta were larger in size and appeared more uniform in shape (Fig. 5H) . To quantify 395 these changes, the number and size of mGluR6 puncta were measured (Fig. 5C, 5F and 5I) . 396
For the C57 retina, mGluR6 puncta size of 20-to 30-unit area were the most numerous, 397 whereas in Cngb1 neo/neo retinas smaller size puncta were more frequent (compare Fig. 5C and 398 5F). The distribution shifted back to larger puncta sizes in the tamoxifen-treated mice (Fig. 5I) . 399
These results indicate that inducing expression of CNGB1 in mature retina causes a recovery of 400 synaptic structures between rods and rod bipolar cells. 401
402
Rescue of CNGB1 expression in mature retina recovers rod bipolar light responses. 403
The results above indicate a structural recovery of synapses following expression of 404 CNGB1. In addition to this structural recovery, ex vivo whole-retina ERGs revealed a recovery 405 of the rod bipolar cell-driven b-wave with amplitudes similar to control retinas (Fig. 6A) (Fig. 6C) ; 1 MO Cngb1 neo/neo rod bipolar cells never yielded light-evoked 411 responses (n=15 from 5 retinas), a result consistent with a lack of b-wave in ex vivo ERG 412 recordings which represent mass-action of largely rod bipolar cells (Fig. 2B) . However, in 413
Cngb1
neo/neo mice administered tamoxifen for 7 days at 4 weeks of age and recorded at 3 MO, 414 rod bipolar cells exhibited robust light-evoked responses similar to control animals (Fig. 6D) . RGCs from control mice (Fig 7A shows an example cell) responses until flash intensities exceeded 1 Rh*/rod (Fig 7B3) . However, similar to the control 446 retinas, RGC responses were often evident at low flash intensities in 4-5 MO Cngb1 rescued 447 mice (Fig 7C shows an example cell) . These example cells suggest that rod and circuit 448 functionality are broadly and stably rescued in some RGCs for Cngb1 rescued mice. 449
To measure the extent that sensitivity across the RGC population recovered in Cngb1 450 rescued mice, we quantified the response-threshold for all RGCs (N=1954) in MEA recordings 451 from 11 mice (3 control Cngb1ΔCaM mice, 3 Cngb1 neo/neo mice, 5 tamoxifen-treated Cngb1 452 mice). RGC response thresholds were quantified as the lowest flash intensity needed to drive 453 the average spike rate change two standard deviations above baseline (eg. Fig 7A3, 7B3, 7C3 ; 454 see Methods). Average RGC response threshold distributions were similar between control and 455
Cngb1 rescued mice, but were significantly higher in untreated Cngb1 neo/neo mice (Fig 7D; KS  456 test, p<0.05). Additionally, the fraction of RGCs for which no-threshold response could be 457 measured was similar between control and Cngb1 rescued mice but significantly higher in 458 untreated Cngb1 neo/neo mice (Fig 7E; t- 
neo/neo rods from 1 MO mice (Fig. 4B) . The residual light response is probably due to the 485 presence of homomeric channels composed of CNGA1 subunits, which are capable of 486 mediating a diminished and desensitized cGMP-dependent current (Kaupp et al., 1989) . 
neo/neo rod spherules was reduced, but not fully eliminated (Fig. 1) . Therefore, it is 495 surprising that ERGs from Cngb1 neo/neo mice did not exhibit a scotopic b-wave, which is largely 496 contributed by rod bipolar cells ( Fig. 2B ; (Saszik et al., 2002) . This result was further 497 corroborated by patch-clamp measurements from rod bipolar cells that revealed no light 498 response, even for bright flashes delivering ~2000 Rh*/rod (Fig. 6C) . We speculate that this 499 defect in synaptic transmission is due to diminished glutamate release at the ribbon synapse 500
given that the lack of CNG channels should act as a source of "equivalent light", similar to light-501 induced closure of CNG channels (see also Sampath and Rieke, 2004; Dunn et al., 2006) . 502
Supporting this idea, the resting membrane potential of Cngb1 neo/neo rods are ~10 mV 503 hyperpolarized due to their smaller dark current (Fig. 4A) . At the rod's normal resting potential in 504 darkness (~40 mV), calcium enters through the voltage gated channel (Cav1.4) and supports 505 tonic glutamate release at the ribbon synapse (Waldner et al., 2018) . Thus the hyperpolarizing 506 shift in resting potential of Cngb1 neo/neo rods predicts attenuated glutamate release from the rod 507 spherule. 508
Interestingly, suppression of glutamate release at the rod synapse is strongly correlated 509 with synaptic remodeling. Examples include blockade of glutamate release by tetanus toxin 510 (Cao et al., 2015) , in knockout mice that lack the presynaptic CaV1. can only occur during a critical period in development, then one would expect that the adult 542 retina may lack the ability to make such connections when rod activity is switched on after this 543 time window. Such developmental processes would have been disrupted in Cngb1 neo/neo retinas, 544 wherein pronounced retinal remodeling is evident by P30 (Fig. 1) . We show that tamoxifen-545 induced CNGB1 expression between P28-P34 led to establishment of the rod's circulating 546 current in darkness and normal light responses (Fig. 4) . Concomittantly, structural changes 547 were observed at the synapse: rod bipolar cells elaborated fine dendritic tips, mGluR6 receptors 548 clustered on these tips which came in close contact with presynaptic ribbons (Fig. 5G-5I ). These 549 newly formed synaptic structures supported normal neural transmission, as shown by ERG 550 recordings and patch recordings from rod bipolar cells (Fig. 6) , and light sensitivity in increased 551 in RGCs (Fig. 7) . We hypothesize that these changes may be initiated by glutamate release at 552 the rod's synapse, similar to that which occurs at the cortex, where focal uncaging of glutamate 553 in mouse cortical layer 2/3 pyramidal neurons triggered spinogenesis from the dendrite shaft in 554 a location-specific manner (Kwon and Sabatini, 2011) . show the mean spike rate ± SD, measured on each trial in a 100 ms window around the peak of 833 the PSTH. Dim flash thresholds were estimated from these curves for 1954 cells. 
